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Abstract
High finesse Fabry-Perot(FP) cavity is a very important frequency reference for laser stabiliza-
tion, and is widely used for applications such as precision measurement, laser cooling of ions or
molecules. But the non-linear response of the piezoelectric ceramic transducer (PZT) in the FP cav-
ity limits the performance of the laser stabilization. Measuring and controlling such non-linearity
are important. Here we report an in-situ, optical method to characterize this non-linearity by
measuring the resonance signals of a dual-frequency laser. The differential measurement makes it
insensitive to laser and cavity drifting, and has a very high sensitivity. It can be applied for various
applications with PZT, especially in an optical lab.
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I. INTRODUCTION
Stabilization of the frequency of a laser is a very important technique in modern physics,
it has lots of applications such as optical clock [2, 4, 17], gravitational wave detection [5],
laser cooling of atoms, molecules [12, 15] or ions and ultracold molecule creation [10, 14].
For laser cooling technique, the lasers are usually required to be stabilized to MHz-level
which is narrower compare with the nature linewidth of excited states of atoms, molecules
or ions. In atomic case, such as alkali atoms, the atomic transition can be easily monitored
in a vapor cell and used as references to lock lasers. But for molecules or ions, it is hard
to monitor the transitions. In these cases, transfer cavity is a widely-used, low-cost and
easy-setup method [3, 11, 13].
In order to use the transfer cavity locking method, the cavity needs to be locked to a stable
reference first, such as a He-Ne laser. This can be done by monitor the transmission (or
reflection) signal while scanning the voltage applied to the piezoelectric ceramic transducer
(PZT) of the cavity. The peak (dip) signal indicates the resonant frequency of the cavity,
and gives the information of the cavity length. A bias voltage is applied and varied to make
sure the resonant position doesn’t shift, thus the cavity is locked [1, 6]. Then the target
laser can be locked to a different position, the laser frequency is set by,
f1 = f0 + f(V ). (1)
where f0 depends on the cavity length without applying a voltage to the PZT, and f(V ) is
the voltage-frequency function of the cavity. It depends on the length change of the PZT,
f(V ) =
∆L(V )
λ/4
fFSR (2)
for a confocal cavity (for the confocal cavity the definition of free spectrum range (FSR) is
different than the normal cavity, here fFSR = c/4d, d is the cavity length). For the first
order perturbation, the length changes linearly with the applied voltage, ∆L(V ) = κ∆V ,
which is widely used [1, 16]. But for a PZT, the non-linearity always happens. If the bias
voltage changes a lot, the error could be serious and affect the laser stabilization. It worths
to measure and character such effect. This can be done by using the precise machine to
measure the displacement or stress[8, 9]. But this machine is not common in an optical
lab, and it is usually hard to take the PZT out for a commercial FP cavity. So an in-situ
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FIG. 1: (Color online) the experimental setup. One laser beam double pass the AOM and then
couple to the fiber. Both zero order and two-time first order beams share the same beam path and
send to the cavity. A scanning voltage is applied to the PZT of the cavity. The reflection signal is
record by the photon detector (PD). The typical data shows two resonant points which is due to
the resonance of dual-frequency laser.
measurement will be very convenient and useful.
The voltage-frequency function of the PZT response can be measured by using formula
(1). Varying the laser frequency and monitoring the resonant position, we can get a plot
of such function. But this direct measurement needs a stable laser (f stable) and a stable
cavity (f0 stable). The shift of either laser or cavity will effect the final result. That is not
an easy requirement, both laser and the cavity can slowly drift due to the changes of the
temperature, pressure or other noise.
In order to solve such problem, we develop a differential method. Instead of sending
the laser with one frequency, we send a laser with two frequencies (with fixed frequency
difference ∆f) to the cavity. Double peaks (dips) will show up in the photon detector (PD).
From the two resonant points, the voltage difference ∆V can be traced. In this way, we get
the differential data,
df
dV
≈ ∆f
∆V
. (3)
By taking the differential measurement, the driftings of the laser and the cavity become the
3
common noises and get canceled. A set of differential data can be measured with different
bias voltages. So the response function can be reconstructed,
f(V ) =
∫
df
dV
dV ≈
∑
i
(
∆f
∆V
)i(∆V )i. (4)
II. EXPERIMENTAL SETUP
Figure 1 shows the experimental setup. A laser beam double pass an acoustic-optical
modulator (AOM), and then couple to the fiber. The double-pass setup makes the zero
order and the two-time +1 order share the almost the same beam path [7], and both couple
to the fiber. In this way, the dual-frequency laser is ready and send to the FP cavity, the
reflected light is collected by a PD, and recorded by a computer. The cavity used in the
experiment is a commercial confocal cavity (Topitica FPI 100). The finesse is about > 430,
The FSR is 1G, and about 9V per FSR for 893nm laser. The typical data shows two resonant
points when scanning the PZT. The position difference tell the voltage difference ∆V . We
average about 100 shots for each point. Then decrease the bias voltage to shot next FSR,
repeat this process, we get a plot for df/dV with the voltage V as shown in Fig.2 (a).
III. DATA ANALYSIS
Figure 2(a) shows the differential data for both 898nm and 860nm lasers. Both cases
show the clear slopes which mean non-linearity of the PZT. It can be very well fit with a
linear relation. So it is better to assume the frequency-voltage relation is
f(V ) = αV + βV 2. (5)
Since we measure the frequency response instead of length response with V, f(V ) depen-
dents on the wavelength as indicated by formula (2). As a double check, we define a ratio
between two lasers,
η =
(df/dV )898
(df/dV )860
× 898nm
860nm
. (6)
Insert of Fig. 2(a) shows the ratio, the different between this ratio and unit is less than 1%,
consists with the theory.
In Fig. 2(b), we reconstruct the frequency-voltage relation using formula (4). we fit the
data with both linear and parabola function. The parabola function fits much better, and
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FIG. 2: (Color online) The experimental data. (a) the differential data verse voltage. Both 898nm
and 860nm laser shows a clear slope, which is due to the non-linearity of PZT. The insert shows the
length ratio measured by two different laser. (b) reconstruction of the frequency-voltage function.
The data points (black dot) are calculated from (a) with formula (4). The red line is the linear
fitting plot, the blue curve is the parabola fitting. The insert shows the difference between the two
fittings.
we plot the difference between two fitting function in the insert. The data shows if the bias
changes few tens volts, the accumulated error for laser frequency could be few hundred MHz,
which is too big for laser cooling technique.
IV. CONCLUSION
In this paper, we report a differential method to measure the non-linear response of the
PZT in a FP cavity. The method can not only be used to character the PZT response, but
also for in-situ and real time correction for laser stabilization. In this way, the hystersis can
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be compensated and the long term lock of the laser can be much better. Noise of the laser
and the drifting of the cavity is canceled, thus achieve a high sensitivity with a simple setup.
All the experimental components are very common in an optical lab, this method is very
suitable for an optical lab, and should be able to applied to various PZT applications.
Acknowledgments
This work is supported by the Fundamental Research Funds for the Central Universities
2016QNA3007.
[1] Barry, J. F., Ph. D. thesis, Yale (2013).
[2] Bloom, B. J., Nicholson, T. L., Williams, J. R., Campbell, S. L., Bishof, M., Zhang, X., Zhang,
W., Bromley, S. L., and Ye, J., Nature 506, 71 (2014).
[3] Bohlouli-Zanjani, P., Afrousheh, K., and Martin, J. D. D., Rev. Sci. Instrum. 77, 093105
(2006).
[4] Cole, G. D., Zhang, W., Martin, M. J., Ye, J., and Aspelmeyer, M., Nat. Photon. 7, 644
(2013).
[5] Collaboration, L. S., Classical Quant. Grav. 32 (2015).
[6] Dai, D. P., Xia, Y., Yin, Y. N., Yang, X. X., Fang, Y. F., Li, X. J., and Yin, J. P., Opt. Exp.
22, 28645 (2014).
[7] Donley, E., Heavner, T., Levi, F., Tataw, M., and Jefferts, S., Rev. Sci. Instrum. 76, 063112
(2005).
[8] Fan, L., Chen, J., Li, S., Kang, H., Liu, L., Fang, L., and Xing, X., Appl. Phys. Lett. 102,
022905 (2013).
[9] Fang, D. and Li, C., J. Mat. Sci. 34, 4001 (1999).
[10] Moses, S. A., Covey, J. P., Miecnikowski, M. T., Yan, B., Gadway, B., Ye, J., and Jin, D. S.,
Science 350, 659 (2015).
[11] Riedle, E., Ashworth, S., Farrell, J., and Nesbitt, D., Rev. Sci. Instrum. 65, 42 (1994).
[12] Shuman, E. S., Barry, J. F., and DeMille, D., Nature 467, 820 (2010).
6
[13] Uetake, S., Matsubara, K., Ito, H., Hayasaka, K., and Hosokawa, M., Appl. Phys. B 97, 413
(2009).
[14] Yan, B., Moses, S. A., Gadway, B., Covey, J. P., Hazzard, K. R. A., Rey, A. M., Jin, D. S.,
and Ye, J., Nature 501, 521 (2013).
[15] Yeo, M., Hummon, M. T., Collopy, A. L., Yan, B., Hemmerling, B., Chae, E., Doyle, J. M.,
and Ye, J., Phys. Rev. Lett. 114, 223003 (2015).
[16] Yin, Y., Xia, Y., Li, X., Yang, X., Xu, S., and Yin, J., Appl. Phys. Exp. 8, 092701 (2015).
[17] Zhang, W., Martin, M. J., Benko, C., Hall, J. L., Ye, J., Hagemann, C., Legero, T., Sterr, U.,
Riehle, F., Cole, G. D., and Aspelmeyer, M., Opt. Lett. 39, 1980 (2014).
7
